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Abstract: Switchable diode eﬀect in ferroelectric diodes has attracted much attention for its potential appli-
cations in novel nonvolatile memories. We brieﬂy review recent investigations on the switchable diode eﬀect in
ferroelectric diodes both experimentally and theoretically. Many recent studies demonstrate that the interfacial
barrier between the metal-ferroelectrics could be modulated by the polarization charges, and the ferroelectric
polarization that can be reversed by an external electric ﬁeld plays a dominant role in the switchable diode ef-
fect. Moreover, we review a self-consistent numerical model, which can well describe the switchable diode eﬀect
in ferroelectric diodes. Based on this model, it can be predicted that it is a better choice to select metals with a
smaller permittivity, such as noble metals, to obtain a more pronounced switchable diode eﬀect in ferroelectric
diodes.
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Introduction
Ferroelectric materials are of characteristics to main-
tain the polarization state in the absence of a voltage
and the possibility to reverse the polarization direc-
tion by applying an electric ﬁeld [1,2]. It is an obvious
idea to design robust nonvolatile random access mem-
ories based on intrinsic switchable ferroelectric polar-
ization in the ferroelectric materials. Ferroelectric ca-
pacitive memories were regarded as a promising candi-
date for the next generation nonvolatile memories [3,4],
but failed to achieve their commercial success mainly
because of the scaling limit and the destructive read-
out that memories must revert to the original polariza-
tion state after reading the stored information [5]. It
is of great value to explore an alternative route to non-
destructively read the polarization in ferroelectric thin
ﬁlms.
A promising solution to these problems is to probe
the polarization by measuring resistance states instead
of sensing charges in metal/ferroelectrics/metal (MFM)
structures [6]. The polarization charges can aﬀect the
barrier at the interface between electrodes and ferro-
electrics, and the reversal of the polarization produces
a change in the band diagram [7,8]. As a result of this,
bistable resistance states can be obtained for two op-
posite polarizations. In other words, the high and low
resistance states stem from the interplay of polarization
and conduction. Two ferroelectric resistive switching
concepts are classiﬁed by the conduction mechanism.
In the case of ferroelectric ultrathin ﬁlms, the current
transport through ferroelectrics is governed by the tun-
neling process, which has emerged as an active research
topic called as ferroelectric tunnel junctions [9-13]. In
the case of ferroelectric thin ﬁlms, the drift-diﬀusion or
thermionic emission plays a dominant role in transport.
The structures in the latter case are called as ferroelec-
tric diodes, which is the focus of this review. For the
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general hysteretic resistance concept, please refer to ref.
[6].
Ferroelectric diodes have been investigated in the
past two decades due to their huge potentials in non-
volatile memory applications. Blom et al. ﬁrst re-
ported bistable resistance states in 1994, showing that
in the La0.5Sr0.5CoO3/PbTiO3/Au structure the con-
ducting state exists under one polarization while the
insulating state exists under the other polarization [14].
Since then many similar phenomena have been observed
in various ferroelectric thin ﬁlms [15-19]. Most inter-
estingly, the switchable diode eﬀect has been demon-
strated recently in various ferroelectric structures rang-
ing from organic ﬁlms [20,21], inorganic bulks [22-24],
and inorganic ﬁlms [25-29]. The switchable diode ef-
fect means that the polarity of the diode can be repro-
ducibly switched by the reversion of the applied electric
ﬁeld in the MFM structures, due to the polarization
modulated barrier. In addition, a few theoretical stud-
ies on this issue have been presented to reveal the un-
derlying physics in the switchable diode eﬀect [30-32].
In this paper, we will brieﬂy review some recent re-
search progress in the switchable diode eﬀect in ferro-
electric diodes, and then discuss the experimental stud-
ies on the origin of the switchable diode eﬀect and the
role of oxygen vacancies. We will also brieﬂy present
a theoretical model, which can well describe the trans-
port property in MFM structures. Before we conclude
this article, a short discussion on the eﬀect of electrodes
will be presented.
Recent progress in switchable ferroelec-
tric diodes
Up to now, the research on the switchable diode
eﬀect is mainly focused on BiFeO3 (BFO) materials
[22,25-29]. In most cases, the BFO thin ﬁlms were
grown on the bottom electrode covered SrTiO3 sub-
strates by pulsed laser deposition, and then the top elec-
trodes were deposited on the BFO ﬁlms to form MFM
structures. SrRuO3(SRO)/BFO/Pt is a most common
structure, in which an obvious current hysteresis be-
havior was observed as shown in Fig. 1(a) [27]. The
measurements were repeatedly performed with 25 cy-
cles by sweeping the bias voltage of the top electrode
from 8 to −7.5 V and back to 8 V. The numbers in
Fig. 1(a) denote the sequence of voltage sweeps. The
I-V curves show an obvious hysteresis behavior, and
two I-V segments in the range of ±5 V are plotted
using solid circle symbols and open circle symbols in
the inset of Fig. 1(a) respectively, indicating a switch-
able diode eﬀect. Figure 1(b) [27] shows the I-V curves
plotted on semi-logarithmic coordinates for the 120 and
240 nm BFO ﬁlms. The switchable diode eﬀect was also
observed for the 120 nm ﬁlm, where the applied voltage
range is smaller than that for the 240 nm ﬁlm (about
±3 V). The resistance switching ratio is 103 at −3 V
for the 240 nm ﬁlms, and it is 79 at −1 V for the 120
nm ﬁlms.
To further conﬁrm the observed switchable diode ef-
fect, Wang et al. used electrical pulses of ±8 V for
200 ms to induce the reversion of the polarization in
the 240 nm BFO ﬁlm, and measured I-V curves with a
sweep voltage of ±2 V as shown in Fig. 2 [27,30]. Quite
obviously, the structure shows a forward diode-like be-
havior after the electrical pulse of +8 V, whereas the
structure shows a reverse diode-like behavior after the
pulse of −8 V. It is worth mentioning that an excellent



































































Fig. 1 (a) I-V curves measured on a 240 nm BFO thin ﬁlm;
Insets show the sketch of the set up for the I-V measure-
ments and I-V curves at the voltage range of ±5 V which
indicate the forward and reverse diode characteristics. (b) I-
V curves for the 240 nm and 120 nm BFO ﬁlms plotted on
semi-logarithmic scales. (Reprinted with permission from
Ref. [27]. Copyright 2011, American Institute of Physics)
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Fig. 2 The experimental (diamonds) and calculated (lines)
I−V curves in the case of right polarization (a) and left po-
larization (b) for the SRO/BFO/Pt structure. (Reprinted
with permission from Ref. [30]. Copyright 2011, American
Institute of Physics)
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the intrinsic non-volatile nature of spontaneous polar-
ization [26].
An interesting question focuses on what is the origin
of the switchable diode. Yang et al. presented the ob-
servation of the switchable diode eﬀect in the Ca-doped
BFO thin ﬁlm [25]. It was hypothesized that the mobile
oxygen vacancies created to maintain charge neutrality
are the key to understand the transport property in this
system. For one bias condition, oxygen vacancies can
move and pile up near the top surface. Consequently,
the donor oxygen vacancies and the acceptor calcium
ions are locally unbalanced. Thus the top surface re-
gion becomes n-type, whereas the region near the bot-
tom electrode becomes p-type. Then a diode can be
formed. For the other bias condition, oxygen vacancies
can move and pile up at the bottom surface, resulting in
the inversion of the conduction direction in the diode.
However, many recent investigations have demon-
strated a dominant role played by the ferroelectric po-
larization in switchable diode eﬀect [26-29]. Jiang et
al. conﬁrmed that the resistive switching curves of
the SRO/BFO/Pt structure have identical shapes to
the Polarzation-Voltage loops. Combined the measure-
ment results of the local polarization and diode cur-
rent, they concluded that the switchable diode eﬀect
in ferroelectric diodes is completely governed by the
ferroelectric polarization [26]. Moreover, Wang et al.
measured the I-V curves in the virgin 240 nm BFO
ﬁlm capacitance by increasing the sweep range step by
step [27], to verify the correlation between the electrical
hysteresis and ferroelectric polarization. Obvious hys-
teresis loops were not observed until the sweep voltages
were larger than ±6 V which is close to the coercive
voltage of the ferroelectric thin ﬁlm. The larger the
voltage range, the more pronounced the hysteresis will
become. It was claimed that the current hysteresis and
diode-like behavior can be triggered and switched un-
der a high enough electric ﬁeld, which can drive the
ferroelectric domain switching. Furthermore, Lee et al.
also overlapped the response of the J-V curves with
the P -V hysteresis loop [28]. Their results showed that
the hysteresis behavior of the diode-polarity switch-
ing coincides with the ferroelectric switching hystere-
sis. They claimed that the sharp changes in current
values near the coercive voltage exclude the possibility
that the switchable diode originated from the migration
of oxygen vacancies. The switch-ability between the re-
verse and forward diodes originates from the band mod-
iﬁcation and associated change in the barriers at the
BFO/metal interfaces, which depends on the ferroelec-
tric polarization direction. By using Conductive-AFM
and PFM techniques, Hong et al. observed a switchable
diode eﬀect induced by the ferroelectric polarization in
BFO nano-islands [29]. In short, most of recent experi-
ments have proved that the polarization dominates the
switchable diode eﬀect in ferroelectric diodes.
The role of oxygen vacancy should be carefully con-
sidered, because the distribution of charged oxygen
vacancy could aﬀect charge transport in ferroelectric
diodes. Lee et al. observed one-side diode eﬀect
in SRO/BFO/Pt, and attributed this phenomenon to
the interfacial defective layer possibly induced by the
charged oxygen vacancies [28]. During the ﬁlm de-
position process, the downward self-polarization will
cause the positively charged oxygen vacancies to mi-
grate toward the top Pt/BFO interface to compensate
for the negative polarization charge [33], resulting in a
defective layer. The defective layer can seriously aﬀect
charge transport at the Pt/BFO interface, especially
the carrier injection under a positive bias. In order to
obtain a switchable diode eﬀect, the defective layer in-
duced by the oxygen vacancies should be removed from
the samples. Lee et al. applied a positive dc bias of
+15 V to the as-grown sample for 30 min at room tem-
perature. As a result, the transport behaviors between
forward and reverse diodes in BFO thin ﬁlm capacitors
could be switched with the polarization reversal of the
ferroelectric layer [28].
Theoretical explanations
For a deeper understanding of the switchable diode
eﬀect, it is fundamentally important to carry out a the-
oretical study on this issue. To that end, a key step
is to construct a viable model to quantitatively calcu-
late the band diagram, the charge distribution, and the
transport property in MFM structures. One point that
must be properly handled is that a ferroelectric thin
ﬁlm cannot be considered in isolation, because the mea-
sured property reﬂects the entire system of ﬁlms, inter-
faces, and electrodes [2]. Recently, we have proposed a
self-consistent model, particularly taking account of the
incomplete screening eﬀect of realistic metal electrodes
[34,35], to explain the switchable diode eﬀect in MFM
structures [30,31]. The fundamental charge transport











−R(x) = 0 (2)
where x is the spatial coordinate, and e denotes the
elementary charge. φ(x), ε(x), ρ(x), j(x), and R(x)
represent the electrostatic potential, dielectric constant,
charge density, current density, recombination rate, re-








σ(x) = eμ(x)n(x) (4)
83
Nano-Micro Lett. 5(2), 81-87 (2013)/ http://dx.doi.org/10.5101/nml.v5i2.p81-87
where κ(x), μ(x), and n(x) represent the electrochem-
ical potential, mobility, and electron density, respec-
tively. To write the electrochemical potential of metals
κm(x), the free electron model and Thomas-Fermi ap-
proximation are employed [36,37]. The semiconductor
theory is utilized to calculate the electrochemical po-
tential of ferroelectric ﬁlms κs(x). The electrochemical








3 − eφ(x) (5)





+ Ec − eφ(x) (6)
where , m, k, T , and Ec denote the reduced Planck
constant, the eﬀective electron mass, the Boltzmann
constant, the temperature, and the bottom of conduc-
tion band, respectively. The eﬀective density of states





, where ms rep-
resents the eﬀective mass of electrons in ferroelectrics.
A simple approach is employed that the polarization
is treated as an inﬁnite thin sheet of charges located
at the interfaces. Thus, the boundary condition for the
























= −σ(Xr) = −P (8)
where σ, P,Xl and Xγ denote the interface charge den-
sity, the ferroelectric polarization, the position of left
interface, and the position of right interface, respec-
tively. A simple boundary condition is used to solve
the continuity equation [36,37]:
κ(x) = continuous (9)
These equations (1)-(6) coupled with boundary con-
ditions (7)-(9) can be solved using the iterative method.
The model was applied to the experimental data in
SRO/BFO/Pt structures [26,27]. For BFO, the satu-
ration polarization is about 65 μC/cm2 [26,27]. Other
parameters are listed in Table 1. The theoretical re-
sults agree well with experimental data as shown in
Fig. 2 [26,28], showing that this model can well describe
the switchable diode eﬀect. Based on the model, it was
theoretically revealed that the ferroelectric polarization
could modulate the barrier at the metal/ferroelectrics
interfaces, and the Schottky-to-Ohmic conversion can
occur under a large enough electric ﬁeld [30]. Con-
sequently, the polarity of the ferroelectric diode could
be switched with the polarization reversal, giving rise
to the switchable diode eﬀect in ferroelectric diodes.
Therefore, the ferroelectric polarization dominates the
switchable diode eﬀect.
Furthermore, this theoretical model can well explain
the eﬀect of the electrodes in ferroelectric diodes. The
Schottky barrier for an ideal Schottky diode is deter-
mined by the diﬀerence of the metal work function
and the semiconductor electron aﬃnity, thus the work
function of the electrodes can inﬂuence charge trans-
port and the switchable diode eﬀect in ferroelectric
diodes. In order to further understand the eﬀect of
electrodes on the transport characteristics in ferroelec-
tric diodes, we calculated the barrier height variation,
deﬁned as the change of the barrier height with and
without a polarization, as a function of the polariza-
tion in SRO/BFO/Pt. From Fig. 3 [30], ΔφPt/BFO as
a function of the polarization deviates away from the
linear dependence in the case of a large positive po-
larization (pointing from SRO to Pt), attributed to a
high electron density 2.0×1020 cm−3 under a polariza-
tion of 150 μC/cm2. However, ΔφSRO/BFO does not
show this deviation in the case of a large negative po-
larization (pointing from Pt to SRO), because the elec-
tron density is 2.1× 1017 cm−3 under a polarization of
−150 μC/cm2. In addition, |ΔφPt/BFO | is larger than
|ΔφSRO/BFO | under the same polarization, mainly due
to a smaller permittivity of Pt. Hence, we had better
select electrodes with a smaller permittivity besides a
suitable work function, such as noble metals rather than
oxide electrodes, to obtain a more pronounced switch-
able diode eﬀect.
Table 1 The parameters used in calculations (Reprinted with permission from Ref. [30]. Copyright 2011,
American Institute of Physics)
SrRuO3 Pt BiFeO3
Dielectric constant (ε0) 8 2 100
Mobility (cm2/(V · s)) 10 60 5
Eﬀective mass (m0) 5 1 5
Concentration (cm−3) 1.2× 1022 1.5× 1022 4× 1016
Work function (eV) 5.0 5.55 4.7
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Fig. 3 The calculated barrier height variation Δφ versus
the polarization in the SRO/BFO/Pt structure. (Reprinted
with permission from Ref. [30]. Copyright 2011, American
Institute of Physics)
Conclusions
In conclusion, we have reviewed recent progress in the
switchable diode eﬀect in both experimental and the-
oretical aspects. Many recent investigations conﬁrmed
that the barrier at the metal/ferroelectrics interfaces
could be modulated by the polarization charges and the
ferroelectric polarization that can be reversed by an ex-
ternal electric ﬁeld plays a dominant role in the switch-
able diode eﬀect. The switchable ferroelectric control
of the diode polarity may not be realized if the oxy-
gen vacancies layer is formed at the interfaces in fer-
roelectric diodes, and the switchable diode eﬀect could
be obtained after removing the excess oxygen vacan-
cies. In theoretical aspect, we discuss a self-consistent
numerical model that can well describe the switchable
diode eﬀect in MFM structures. Calculated results fur-
ther predict that it is a better choice to select metals
with a smaller permittivity, such as noble metals, to
obtain a more pronounced switchable diode eﬀect. It is
expected that these recent experimental and theoreti-
cal works can be of great value for the further progress
of the designing in ferroelectric memory devices and a
deep understanding of the underlying physics in ferro-
electric diodes.
Although considerable progress has been achieved in
recent years in the ferroelectric diodes, much more can
be expected in future. With the decrease of the fer-
roelectric ﬁlm down to tens of nanometers, novel phe-
nomena could emerge due to the competition between
the tunneling and the drift-diﬀusion or thermionic emis-
sion in MFM structures. Ferroelectric materials show
a rather large photovoltage exceeding several times the
band gap, which could be applied in robust optoelec-
tronic devices [22,39-41]. BFO, a typical multiferroic
material, oﬀers opportunities for us to control the states
of novel devices both electrically and magnetically [42-
44]. Besides, the coupling among the ferroelectric, fer-
romagnetic, and optical properties provides a new route
to design multifunctional devices. In terms of the the-
oretical aspect, it would be a more powerful method to
analyze charge transport in MFM structures by con-
sidering the multi-domain structure, the hole trans-
port process, the spatial distribution of the polarization
charges.
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